Neonates have a significant requirement for cholesterol. From −1 to 25 days of age, the liver accrues 6.9 mg cholesterol and the extra-hepatic tissues accrue 107.7 mg cholesterol in the hamster. It is currently unknown if each of these body compartments synthesizes their own cholesterol or if they have alternative source(s) of sterol. Using 3 H 2 O, in vivo hepatic sterol synthesis rates (per g liver per animal) increased between −1 and 5 days of age, decreased by 10 days of age, and increased again by 15 days of age. HMG-CoA reductase (HMGR) expression levels paralleled in vivo synthesis rates. Extra-hepatic sterol synthesis rates followed the same pattern as sterol synthesis rates in the liver. When sterol synthesis rates were converted to the mass of sterol synthesized per day, the liver synthesized 38.9 and the extra-hepatic tissues synthesized 63.9 mg cholesterol in the 26-day neonatal period. Comparing the amount of cholesterol accrued to that synthesized, one can conclude that the liver is a major source of sterol for the whole body during the neonatal period of the hamster. These results may help elucidate the cause(s) of reduced growth rates in neonates with liver disease or in neonates with compromised sterol synthesis rates.
INTRODUCTION
The requirement for cholesterol varies among animals of different ages. Healthy adults are in steady state and are not growing. Their sole requirement for cholesterol is to compensate for the net loss of sterol that occurs from conversion of sterols to bile acids and hormones, from loss of secreted biliary cholesterol, and from sloughed cells [1] . In contrast, embryos, fetuses, and neonates are not in steady state and have a rapid growth rate. For every kg of tissue that is added to the body of the younger animals, a minimum of 1.5-2.0 g of cholesterol is needed for membrane formation alone [1] . In the central nervous system, ≈20 mg/g of cholesterol is needed to support growth [1, 2] . In addition to the cholesterol required for membrane formation in these younger animals, cholesterol is also required to compensate for the net loss of sterols due to bile acid and hormone synthesis, loss of biliary cholesterol, and sloughed cells. When cholesterol is lacking, substrates essential for membrane formation would be inadequate and growth rates may be affected.
It has been difficult to determine the role of cholesterol in neonatal and childhood growth rates due to compensatory changes in sterol synthesis rates with the addition or deletion of dietary cholesterol [3, 4] . One group of individuals that could be used to assess the role of cholesterol in growth rates due to their inability to synthesize cholesterol at normal rates are patients with the Smith-Lemli-Opitz syndrome (SLOS) [5, 6] . As might be expected in persons unable to synthesize cholesterol, growth rates of SLOS infants and children are often markedly reduced [7] . Interestingly, impaired growth rates of SLOS patients are improved when diets are supplemented with cholesterol [8] [9] [10] . Thus, it does appear that an increase in available cholesterol may impact upon growth rates under certain conditions.
There are two sources of cholesterol in the body of younger and older individuals alike. Cholesterol can be obtained from the diet and cholesterol can be synthesized de novo. All tissues synthesize cholesterol, though the rates vary with type of tissue, animal species, and age [1] . In adult humans and hamsters, the contribution of cholesterol synthesized in the liver is much less than that synthesized in the remainder of the body [1] . While several studies have demonstrated that hepatic sterol synthesis rates are greater in younger versus older animals [1, [11] [12] [13] [14] , the relative amount of sterol synthesized in the liver versus the remainder of the body is unknown in the rapidly growing neonates.
Why is it important to know if tissues synthesize their own cholesterol or if they obtain cholesterol from other sources during neonatal development? If the liver synthesizes a significant amount of the cholesterol accrued by the whole body and cholesterol is needed for growth, then a decrease in hepatic sterol synthesis rates could lead to poor growth rates, as occurs in pediatric patients with SLOS or with liver disease. Thus, the purpose of the current studies was to delineate the origin of cholesterol utilized by the liver and the remainder of the body for membrane formation as well as other basic functions. To complete these studies, 3 H 2 O was used to measure sterol synthesis rates in vivo [15] . This method is unique since the absolute mass of cholesterol synthesized per day can be determined. The hamster was used as the animal model since the rates of synthesis are relatively low in the liver as compared to the remainder of the body as occurs in humans [1] and since a positive sterol balance does not enhance bile acid synthesis rates, a phenomenon also observed in humans [16, 17] . The liver of the neonatal hamster synthesized ≈5-fold more cholesterol than the amount of sterol accrued whereas the extra-hepatic tissues synthesized ≈60% of that accrued. Thus, the liver synthesizes enough sterol to support its own requirement for cholesterol as well as some of the requirements in the remainder of the body.
MATERIALS AND METHODS

Animals and Diets
Non-pregnant female and male Golden Syrian hamsters weighing 90-100 g (Charles River, Inc., Kingston, NJ) were fed a pelleted chow diet with an inherent cholesterol concentration of 0.002% (wt/wt; 7102, Harlan Teklad, Madison, WI) and kept in a temperature and humidity controlled room with alternating light and darkness (14 h light/10 h dark). Female hamsters were mated as described previously [18] . Neonates had free access to food and water. One male and one female pup per litter were studied in the early dark light cycle at −1, 5, 10, 15, 20, and 25 days of age; tissues and plasmas from several pups at −1 day of age were pooled to generate one sample per litter. Adults were studied at 90 days after birth. All protocols were approved by the Institutional Animal Care and Use Committee at the University of Cincinnati.
Plasma, Liver, and Carcass Cholesterol Concentrations
Animals were anesthetized, exsanguinated, and liver and carcass collected. Plasma cholesterol concentrations were measured enzymatically (Roche Diagnostics Corporation, Indianapolis, IN). Plasma was pooled and lipoproteins separated by FPLC [19] . Cholesterol in each fraction was measured enzymatically. A piece of liver and the remainder of the body (extra-hepatic tissues/carcass) were saponified and sterol was extracted. Pieces of liver were saponified in 5 ml of alcoholic KOH. Carcasses were saponified in 100-500 ml alcoholic KOH, and sterol was extracted from 3-10% of the saponified tissue. Tissue cholesterol concentrations were determined by gas liquid chromatography using stigmastanol as internal standard [20] .
In Vivo Sterol and Fatty Acid Synthesis Rates
Adult and neonatal hamsters were injected ip with 5-20 mCi 3 H 2 O. Pregnant dams were injected with 50 mCi 3 H 2 O. After 1 h, animals were anesthetized and exsanguinated. Livers were removed from the body. Pieces of liver and the remainder of the body were saponified in alcoholic KOH as described in the previous section. Similar amounts of sample were used to measure sterol synthesis rates in duplicate. Sterol was extracted and digitonin-precipitable sterols (DPS) were isolated and assayed for 3 H content [15] . Samples were subsequently acidified, fatty acids extracted, and extracts were assayed for 3 H content. The rates of synthesis are presented as nmol 3 H 2 O incorporated into sterol or fatty acids per h per g tissue or per tissue [15] ; fetal synthesis rates were corrected for equilibration of 3 H 2 O between the pregnant dam and the fetus [21, 22] . Synthesis rates are also presented as mg cholesterol synthesized per day per tissue taking into account the fact that 1.45 μg-atoms of carbon enter the cholesterol molecule from acetyl CoA for each μg-atom of 3 H that is found in DPS [15, 23, 24] . Sterol synthesized during the study (1 h) was multiplied by 24 h to determine mg sterol synthesized per day since hamsters eat throughout the day [25, 26] and sterol synthesis rates parallel food consumption [27] .
HMG CoA Reductase (HMGR) Expression Levels
Livers were collected and microsomes isolated as described [28] . Protein concentrations were determined by the Lowry assay [29] and equal amounts of protein from each litter at each age were pooled. Proteins were separated by SDS-PAGE using a Bio-Rad 4-15% Tris-HCl Ready gel (Biorad Laboratories, Hercules, CA) under denaturing conditions and then transferred to a PVDF membrane. The membrane was blocked in Tris-buffered saline containing 0.1% Tween and 5% dry milk and then incubated with rabbit anti-HMGR IgG (Upstate Cell Signaling Solutions, Lake Placid, NY). After 1 h at 37ºC, the membrane was incubated with a secondary antibody conjugated with peroxidase (donkey anti-rabbit IgG; GE Healthcare, Little Chalfont Buckinghamshire, UK). Chemiluminescence from ECL Plus (GE Healthcare) was detected by a Storm 450 Phosphoimager. Relative densities were determined using NIH Image J software. Blots were stripped with Restore Western Blot Stripping Buffer and reprobed with anti β-actin IgG (Millipore, Bilerica, MA).
Statistics
Data are presented as means ± SEM. Initially, males and females from each litter were analyzed separately. However, since no differences were observed between the sexes at these early ages, data from males and females were analyzed together. The effects of aging on various metabolic parameters were evaluated three different ways. First, data from sequential ages were compared to one another by t-tests. For example, −1 day was compared to 5 day, 5 day to 10 day, etc. Using this method, we could determine if values increased or decreased with age. Second, if there was no change in subsequent ages, due to slight differences, the slope of the line was calculated using least squares regression, where age was the independent variable. Significant slopes were significantly different from zero. Third, data from neonates at 25 days of age were compared to data from the adult males and the females by t-tests. Significance for all tests was set at P<0.05.
RESULTS
Neonatal hamsters have a rapid, exponential growth rate. The liver and whole body masses increased ≈25-fold in only 26 days (Fig. 1) . The liver made up ≈4% of mass of the whole body throughout the whole neonatal period (Fig. 1A inset) and into adulthood (male-3.9±0.1%; female-3.9±0.2%).
Plasma cholesterol concentrations decreased between 1-and 5 days of age (P=0.003) and remained relatively constant until 20 days of age when concentrations increased again (P=0.02; Fig. 2A ). There was no difference in concentrations between 25 and 90 days of age. A significant amount of plasma cholesterol was carried as VLDL/LDL-cholesterol at −1 day of age (Fig. 2A) . Concentrations decreased by 5 days of age and remained fairly constant through to adulthood.
Liver and extra-hepatic cholesterol concentrations did not follow the same pattern of change as did plasma cholesterol concentrations. In the liver, the cholesterol concentration was 2.17 ±0.28 mg/g at −1 day of age. There was little change in hepatic cholesterol concentrations between subsequent ages (Fig. 2B) . A general decrease in cholesterol concentration did occur since the slope of the line for hepatic cholesterol concentrations throughout the neonatal period was significantly different from zero (P=0.02). By 25 days of age, concentrations were near adult values. In the remainder of the body, cholesterol concentrations increased between 5 and 10 days of age (P=0.01) and did not change significantly between subsequent ages throughout the remainder of the neonatal period (Fig. 2C ). There was a general increase in cholesterol concentrations in the extra-hepatic tissues throughout the neonatal period, however, since the slope of the line from these data was also significantly different from zero (P=0.002). The extra-hepatic tissue cholesterol concentrations were lower in the adult males and females as compared to the 25 day old neonates (P<0.05). Taking into account cholesterol concentrations and tissue masses, the liver accrued 6.9 mg of cholesterol and the extra-hepatic tissues accrued 107.7 mg of cholesterol from −1 to 25 days of age.
To determine the amount of sterol synthesized in the liver and extra-hepatic tissues, in vivo sterol synthesis rates were measured using 3 H 2 O. When presented as per g liver per animal, hepatic sterol synthesis rates increased between −1 and 5 days of age (P<0.001), decreased between 5 and 10 days of age (P=0.006), and increased again at 15 days of age (P=0.03) (Fig.  3A) . Rates changed minimally between 15 and 25 days of age. By 90 days of age, synthesis rates had decreased in both male and female hamsters (P<0.05). Expression levels of HMGR were 12-, 1.4-, and 16-fold greater in the 5, 10, and 20 day old neonates as compared to the faint, but detectable band in the −1 day old neonate, respectively (Fig. 3C) . Expression levels for adult livers were about 40% of the levels of the 20 day old neonates. Though β-actin was used as a control protein, these data may or may not be of physiological relevance since protein expression, and thus the proportion of various proteins within a tissue, varies markedly with maturation [12] . Since metabolism can be affected by body mass [1] , hepatic sterol synthesis rates were normalized to a similar weight. When normalized to 100 g, hepatic sterol synthesis rates decreased with age (Fig. 3B) . Interestingly, hepatic fatty acid synthesis rates did not parallel hepatic sterol synthesis rates in the neonatal period. Rates were very low at the early ages and increased ≈40-fold between 5 and 20 days of age (Fig. 4) .
Sterol synthesis rates (nmol per g tissue per animal) in the extra-hepatic tissues paralleled those in the liver in that there was an increase between −1 and 5 days of age (P=0.005), a decrease at 10 days of age (P<0.001), and an increase at 15 days of age (P=0.03) (Fig. 5A) . Unlike the liver, synthesis rates in the extra-hepatic tissues decreased between 20 and 25 days of age (P<0.001). Rates were also lower in adult male and female hamsters as compared to male and female hamsters at 25 days of age (P<0.05). When presented as synthesis per g tissue in a 100 g animal, synthesis rates decreased continuously as depicted by a significant negative slope (P<0.001) (Fig. 5B) .
A fundamental reason for using 3 H 2 O in these studies is that one can calculate the absolute mass of cholesterol synthesized per day. The sterol synthesis rates at each day of the 26 days presented in Figure 3A were changed from nmol water converted to sterol per h per g liver to mg cholesterol synthesized per day per whole liver [15] . The same was done for the synthesis rates in the extra-hepatic tissues presented in Fig. 5A . We then estimated the synthesis rates for the ages not directly measured from the plotted values at −1, 5, 10, 15, 20, and 25 days of age. By summing the mg of cholesterol synthesized per day, the cumulative sterol synthesis rates over the entire 26-day period was calculated, assuming a small margin of error since synthesis rates were not determined but estimated for some of the ages. We found that 38.9 mg of cholesterol was synthesized by the liver and 63.9 mg was synthesized by the extrahepatic tissues.
DISCUSSION
During periods of rapid growth and cellular proliferation, a significant amount of cholesterol is required by all tissues for membrane formation as well as cellular function. In the liver of the hamster, 6.9 mg of cholesterol was accrued in neonates between -1 and 25 days of age. The remainder of the body accrued 107.7 mg of cholesterol during this same time period. Since 38.9 mg of cholesterol was synthesized by the liver and 63.9 mg was synthesized by the extrahepatic tissues, the liver synthesized ≈5-fold more cholesterol than it needed for membrane formation alone whereas the remainder of the body synthesized ≈60% of the cholesterol it needed.
To determine if this difference between sterol accrued versus sterol synthesized occurred throughout the entire neonatal period, we determined the sterol accrued and the sterol synthesized during the slower (−1 to 15 days of age) and the more rapid (16 to 25 days of age) growth rates (Fig. 6 ). Regardless of whether or not growth rates were slower or more rapid, the liver synthesized more cholesterol than it accrued (Fig. 6A ). There does appear to be a slight deficit of cholesterol synthesized versus that accrued in −1 to 15 days of life but not between days 16 and 25. There are two explanations for why more cholesterol was accrued as compared to that synthesized early in life. First, hamsters consume significant amounts of milk before 15 days of age [30] . Based on studies in rats [31] and taking into account the smaller size of the hamster, we assumed that a 10 day old hamster would consume ≈2 ml of milk per day. Since the cholesterol concentration of hamster milk is ≈55 mg/dl (L. Yao and L. Woollett, unpublished observation), the animals would consume ≈1.1 mg of cholesterol and absorb ≈0.5 mg of cholesterol per day. Though the younger animals would consume less milk, the cholesterol content of milk may be greater earlier in gestation [32] so significant amounts would still be consumed. This exogenous source of cholesterol could account for the extra cholesterol accrued as compared to that synthesized. It should be noted that even though more food was consumed with age, the proportion that was milk versus that which was chow is hard to determine since neonates begin to consume some solid food by 10 days of age and are selfweaned by 25 days of age [30] . Second, the gastrointestinal tract was not washed out prior to saponification of the carcass. Thus, the amount of cholesterol in the extra-hepatic tissues could have been slightly overestimated due to cholesterol-containing milk as well as biliary cholesterol in the gastrointestinal tract.
Though the liver synthesized more cholesterol than it required, sterol synthesis rates were not continuously elevated from birth to weaning. Rates were elevated at 5 days of age, decreased between 5 and 10 days of age, and then increased again at 15 days of age, similar to enzyme activities measured previously in rats [12, 33, 34] . The consumption of significant amounts of dietary cholesterol could lead to the suppression of sterol synthesis rates and reduction in HMGR expression levels at 10 days of age, most likely through processing of the sterol regulatory element binding protein-2 (SREBP) [35, 36] . The increase in rate between 10 and 15 days of age is most likely due to the transition from consumption of a high fat, high cholesterol diet (milk) to a low fat, low cholesterol diet (chow).
Even taking into account the low synthesis rates at 10 days of age, the liver still synthesizes ≈5-fold more cholesterol than it needs to support its own tissue growth. During times of rapid tissue growth and cellular proliferation, such as in extra-embryonic and embryonic tissues or in transformed, malignant cells, there is a dysregulation of sterol synthesis and rates are constitutively elevated [37] - [38, 39] . We hypothesize that neonatal livers are in a negative sterol balance due to the high requirements of cholesterol needed for membrane production and bile acid synthesis as well as VLDL production, the route by which newly synthesized cholesterol is transported from the liver to all the peripheral tissues, excluding the CNS [40, 41] . We hypothesize that the elevated rates are maintained due to the continuous net loss of sterol (negative sterol balance). Sustained synthesis occurs during other experimental conditions or physiological states where the requirement for cholesterol is quite high and tissues are hypothesized to be in a negative sterol balance. First, animals fed bile acid sequestrants have a high requirement for cholesterol and hepatic sterol synthesis rates are elevated and sustained [42, 43] . Second, hepatic sterol synthesis rates are markedly elevated in mid-gestation [44, 45] when there is a net loss of sterol from the body as cholesterol-containing lipoproteins are taken up by the placenta and yolk sac [46] ; the placenta and yolk sac are expelled from the body during parturition. Thus, though more studies are required to delineate the mechanism responsible for the markedly elevated hepatic sterol synthesis rates in the neonate, possible mechanisms include a net loss of hepatic cholesterol to be used in the production of VLDL or bile acids.
Two other interesting observations are made from the current studies. First, these in vivo results demonstrate that sterol and fatty acid synthesis rates are regulated differently during development. Sterol synthesis rates are elevated early in development (gestation and just after birth) whereas fatty acid synthesis rates increase mid/late into the suckling period. There are two transcription factors which are responsible for sterol and fatty acid synthesis, SREBP-2 and SREBP-1, respectively [36, [47] [48] [49] . Our data are consistent with the processing of SREBP-2 to the nuclear form earlier in development and the processing of SREBP-1 to the nuclear form later in development [50, 51] . Though both SREBPs require similar proteins for processing [35, 36] , SREBP-1 may have additional transcriptional factors such as LXR and/or insulin [36, 52, 53] , which are absent at different times during development [50, 51] . Second, these data illustrate the potential importance of post-translational modification of HMGR. As seen in panels A and C of Figure 3 , the relative expression level of HMGR was greater in adult livers as compared to the −1 and 10 day old neonates whereas synthesis rates were similar. One situation where protein levels may not parallel activities is the phosphorylated state of the protein; though some controversy still exists in the field, it appears that HMGR activity is decreased when the protein is phosphorylated [54] . As one might then expect from our data, HMGR is more extensively phosphorylated in adults as compared to neonates [55] , leading to a reduction in enzyme activity but not expression levels as seen in panels A and C of Figure  3 .
What implications do these data for the neonatal human? These data would have the most relevance to individuals with impaired ability to synthesize cholesterol, such as patients with SLOS or other defects in sterol synthesis [7, 56] . Interestingly, the addition of cholesterol to the diet of growth-impaired SLOS infants improves their growth rates [8] [9] [10] . Supplementation of diet with cholesterol would not only increase the substrate supply for membranes, but also improve membrane function through modification of membrane fluidity [57] [58] [59] . In addition to the SLOS neonates, these data also have implications for neonates with cholestasis since hepatic sterol synthesis rates are decreased in individuals with cholestatic liver disease [60, 61] . While some of the infants with cholestasis, including Alagille syndrome, progressive familial intrahepatic cholestasis (PFIC I-III), neonatal hepatitis, and biliary atresia, have normal growth rates, others have growth retardation even within the same syndrome [62, 63] . Though the cause of the differences in growth is unknown, it is conventionally thought that failure to thrive is secondary to fat and fat soluble vitamin malabsorption [64, 65] . Based upon our findings, however, and the fact that some infants fail to thrive even when malabsorption is accounted for [62, 63] , a decrease in the production of cholesterol by the affected liver might significantly reduce the amount of cholesterol presented to extra-hepatic tissues during times of rapid growth and therefore be a rate limiting factor for cellular proliferation. Thus, presenting exogenous cholesterol to infants/children with cholestasis might improve growth as in pediatric patients with SLOS. Whole body and liver masses in neonatal and adult hamsters. Liver (A) and whole body (B) weights were measured in neonates from −1 to 25 days of age and in adult male (closed square) and female (open square) hamsters. Data are presented as means ± SEM in 12-30 animals. * depicts significant differences (P<0.05) from values at the previous age. Slopes for body weight was 2.34±0.07 (P<0.001) and for liver weight was 0.12±0.01 (P<0.001). Plasma, VLDL/LDL, and liver cholesterol concentrations in neonatal and adult hamsters. Cholesterol concentrations were measured enzymatically in plasma (A; circles/squares) and VLDL/LDL FPLC fractions (A; triangles/diamonds) and by GLC in livers (B) and extrahepatic tissues (C). Adult males were depicted by closed squares and diamonds and adult females by open squares and diamonds. Data are presented as means ± SEM in 3-18 animals (plasma), 4-30 animals (liver), or 7-15 animals (extra-hepatic tissues). Cholesterol contents in VLDL/LDL peaks were obtained from 3 pooled plasma samples. * depicts significant differences (P<0.05) from values at the previous age. Slopes for liver cholesterol concentration was −0.02±0.01 (P=0.022) and carcass cholesterol concentration was 0.02±0.01 (P=0.002). Hepatic sterol synthesis rates in neonatal and adult hamsters. Sterol synthesis rates were measured in vivo using 3 H 2 O in neonates (−1 to 25 days of age) and adult males (closed square) and females (open square). Data are presented as nmol 3 H 2 O converted to sterol per h per g liver per animal (A) and per g liver per 100 g animal (B). Data are presented as means ± SEM in 6-16 animals. In Panel C, the relative expression levels of HMGR and β-actin are shown in hamsters of increasing ages (AD-adult male, AF-adult female). * depicts significant differences (P<0.05) from values at the previous age. Slope for sterol synthesis rate per 100 g animal was −616.3±105.9 (P<0.001). Hepatic fatty acid synthesis rates in neonatal hamsters. Fatty acid synthesis rates were measured in vivo using 3 H 2 O in neonates (5 to 25 days of age). Data are presented as nmol 3 H 2 O converted to fatty acid per h per g liver. Data are presented as means ± SEM in 10-30 animals. * depicts significant differences (P<0.05) from values at the previous age. Slope for fatty acid synthesis rate was 3438±336 (P<0.001). Extra-hepatic tissue sterol synthesis rates in neonatal and adult hamsters. Sterol synthesis rates were measured in vivo using 3 H 2 O in neonates (−1 to 25 days of age) and adult males (closed squares) and females (open squares). Data are presented as nmol 3 H 2 O converted to sterol per h per g tissue per animal (A) and per g tissue per 100 g animal (B). Data are presented as means ± SEM in 3-16 animals. * depicts significant differences (P<0.05) from values at the previous age. Slope for sterol synthesis rate per 100 g animal was −157.0±16.7 (P<0.001). Net sterol balance in neonatal hamsters. The absolute masses of cholesterol synthesized and cholesterol accrued between −1 and 15 days of age or 16 to 25 days of age were calculated and presented for the liver (A) and extra-hepatic tissues (B) of neonatal hamsters.
